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I. THE INTERPLANETARY MEDIUM .

The suggestion that the sun continuously emlifs corpuscular
radiation (the "solar wind") was made by Biermannl as an expla-
nation of the fact that gaseous comet tails tend to trall directly
away from the sun. It had been known for many years that mag-
netic storms must be the result of isolated bursts of corpuscular
radiation, and the fact that some aurora and geomagnetic distur-
ance always occurs at high latitudes may be consldered as ad-
ditional evidence that the radiation is continuous. Blermann's
suggestion was taken up by Parker2 who examined the dynamics of
the solar wind and showed that it may be considered as a hydro-
dynamic expansion of the solar corona and a direct conseqﬁence
of supplying heat to maintain the corona at its observed tempera-
ture. There is certainly no possibllity that sun has a static
corona as suggested by ChapmanB.

Early estimates of the density and speed of the solar wind
were understandably ratherqvariable. However we now have direct
evidence from space probes which confirms the existence of the
so%ar wind and shows its flux to be of the order.of
10 -109 cm-‘gsec—1 during relatively quiet periods, rising to
lolocm--gsec:"1 during magnetic storms. The solar winds speeds
range from 300-800 km sec- and the densities are 5-10 protons
bcm- ; the motion is apparently supersonic with a Mach number of
~5, There is no direct ciphisnge that the solar wind moves other
than radially from the sun. The solar magnetic field 1s relatively
weak, being A/575at 1 a.u. during quiet periods, and ~50y durlng

magnetic storms . As a consequence of solar rotation and the
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radial motion of the solar wind the solar magnetic field lines
take the form of a spiral, and may be considered as rotating |
rigidly with the sun. The latter effect causes an anisotropy in
the cosmlc radiation which provides a means of determining the
solar wind speed without having recourse to space probes .

Sudden heating due to a flare on the sun must enhance the
expansion of the corona, and result in the formation of an out-
wards -- moving shock wave in the interplanetary medium (2,10).
The shock wave, together with the assoclated increase 1n solar
wind speed and density, produces a magnetic storm as it interacts
with the geomagnetic fileld. Localized enhancements of the solar
wind may occur due to "hot spots" in the corona; these may persist
for several solar rotations and are believed to cause magnetic
storms which repeat over a 27 day period (44). The leading edge
of such a region of enhanced solar wind must form a shock wave
on interacting with the normal solar wind, and it 1s easy to see
that the shape of the shock wave must be a spiral making a slightly
smaller angle with the radial direction than the solar magnetic
field 1lines. This shock wave ensures that the resulting magnetic
storm has a sudden commencement, as do the storms assoclated
with transient heating of the corona. Its curved shape  causes
the storms to occur some days after central meridian passage of

the "hot spot" around the sun.



II. THE MAGNETOSPHERE

A, Cavity Formation

The magnetohydrodynamic concept according to which
magnetic field lines are "frozen" into a perfectly conducting
fluld, makes 1t apparent that the geomagnetic field must produce
a cavity in the solar wind--the whole of this cavity down tp
an altitude of about 100 km., forms the earth's magnetosphere.
Clearly it is an important prerequisite to an understanding of
magnetospheric phenomena that we should know as muchkas possible
about the shape and structure of the cavity. This i1s not easy
however, as cavitation problems 1in fluid dynamics are notoriousl&
difficult, but we can make some theoretical predictions, and direct
observations from space probes are now beginning to add consider-
ably to our knoWledge.

A few solutions to cavitation problems in magnetohydrodynamics
are known; these concern incompressible flow of perfectly con-
ducting inviscid fluid in two dimensions. The cavities produced
as a result of uniform flog past a two-dimensional magnetic :
dipole7 and a line current are shown in figure (1). At the boundary
of such cavities the normal pressure (fluld plus magnetic) must
be continuous. It should be noted that in each case the pattern
is symmetrical and the direction of flow therefore reversible--
this is a consequence of the neglegct of dissipative effects.
However, in the case of the magnetosphere even 1f dissipative
effects at the boundary are ignored, we still have to contend

with the three-dimensional nature of the problem and the fact that



the solar wind 18 highly supersonic.

B. Shock Waves

It is necessary to consider the solar plasma as a continuum
rather than a 'free molecular' or 'Newtonian' flow in its inter-
action with the magnetosphere since collective motions such as
plasma osclllations and magnetohydrodynamic waves can occur
with wavelengths much smaller than the typical length scale in-
volved (that is, about 105km). Thus since the solar wind is
supersonic, some form of shock wave must be produced on the up-
stream side of the magnetosphereg. This reduces the bulk veloclty
of the plasma to a low subsonic value near the forward stagnation
point and permits the plasma to flow around the magnetosphere.
The motion of the plasma eventually becomes supersonic once again
on the flanks of the magnetosphere, although the free stream cone
ditions may not be regained., It should be noted that the shock
wave 1is an lrreversible phenomenon and hence the magnetosphere
can be expected to be nonsymmetrical even if all other dissipa-
tive processes are neglected.

This shock wave and also the shock wave which 1is believed to
cause the sudden commencement of a magnetic stormlo must be of
the type known as "collision free". It is unfortunate this term
has been allowed to come into common usage as it is rather mis-
leading. In an ordinary non-ionized gas the collision frequency
of molecules and the highest possible frequency of a sound wave
are essentially the same -- thus the steepening of a compressive

pulse is halted when its wldth becomes comparable to the mean

free path, In a plasma, however, one tends to equate the mean
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free path to the distance a particle must travel in qulescent
plasma before its momentum is significantly altered, whereas
sound waves do not become heavily attenuated until the product
of their frequency and the electron - ion collision frequency
becomes comparable to the product of the electron and ion gyro-
frequencies., Thus a compressive pulse 1n a plasma can steepen
until its width is much less than the mean free path, although
thermal equilibrium may not be restored until the plasma has
moved through the latter distance. The processes underlying
shock waves in a plasma are by no means understood, however 1t
is usually considered that non-linear interactilons of waves pro-
duced by instabilities cause the required randomization of par-
ticle motionsll. The shock structure and the region downstream
should therefore appear to be highly turbulent and bursts of
supra-thermal particles may occur,

C. .Theoretical Discussion of the Structure of the Magnetosphere

It is generally agreed that the magnetosphere must have a
more or less tear drop shape as indicated in figure (2), -- the
first to suggest this being Johnson12 and Piddingtonl . However,
it is not always realized that such a magnetosphere is likely to
have essentlally the Saﬁe topological features as the early model
of Chapman and Ferrarol which made use of an image dipole to
distort the geomagnetic field into an infinite half-space, De-
talls of the Chapman-Ferraro model are shown in figure (3). The
main features to notice are that all field lines on the surface
of the region of magnetic field run between two neutral points

(N , N ) which are in turn connected by a single field line to
n s
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points (M , M ) at high latitudes on the central (noon) meridian
of the earrlth.S Field lines which intercept the earth at higher
latitudes than M , and M are shown shaded -- these constitute
the geomagnetic 1'f'ltaj.l." SThe low latitude field lines (unshaded
region) form a donut around the earth and are completely enclosed
by the field lines forming the tail, Obviously a uniform solar
wind musﬁ cause the magnetosphere to take up a shape more or less
as sketched in the figure (2). However, this distortion is not
likely to change the topology of the magnetic field from that of
the Chapman-Ferraro model, In particular, all the features de-
scribed above should be retained and thus we have labeled and
shaded the various diagrams in a similar manner to make this
apparent, It is interesting to note that Hones15 has recently
produced a more sophisticated version of the Chapman-Ferraro model
using parallel unequal dipoles so that the field of the stronger
dipole completely encloses that of the weaker, which i1s taken to
be the geomagnetic field; not surprisingly, this model also re=
tains all the topological features of the simple image dipole
model.

Exact details of the structure and dimenslions of the magneto-
sphere cannot be given as these must take proper account of the
flow of solar plasma around the magnetosphere and this cannot
be done with present methods. However, this is not a great dis-
advantage as one can easlly made rough estimates of several key
dimensions of the magnetosphere. It is known from hypersonic
flow theoryl6 that the pressure at the stagnation point 0 is
approximately

P = KnmV , (1)
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where n is the number density of protons in the solar wind, m is

the mass of a proton, V the speed of the solar wind, and K a numer-
S
ical factor which is almost unity. This must equal the magnetic

pressure at the boundary of the magnetosphere (1f we neglect the
interplanetary magnetic field and the pressure of magnetosphegic

gas ), which according to the image dipole model is H /271R
e o
where H is the magnetic field strength at the equator of the earth
e
and R 1is the geocentric distance to the stagnation point. Thus if
o}
R is the radius of the earth,
e 2 1/6
1/3
R/R &« H / (27 Knmv ) . (2)
o e e s

3

Taking H = 0,32 gauss, V = 300 km/sec and n=10 cm , it is found
that R ¢ ot 1C0R & Thesvalue of R is increased slightly if

o e o
the surface of the magnetosphere 1s taken to be hemispherical rather
than flat. |

For reasons which are not entirely understood, a fair approxi=-
mation to the solar wind pressure at not too great a distance from

the stagnation point is given by
2 2

p = KnmV Cos 6, (3)
s

where cos © 1s the angle between the solar wind direction and the
normal to the surface of the magnetosphere. Thls pressure vari-
ation is the same as for flow past a circular cavity shown in
figure (1) and we are therefore led to expect that the surface
field 1line N ON is approximately a circular arc, although it

n s

should be remembered that the accuracy of (3) falls away rapidly as

cos © diminishes. The geocentric distance (R ) to the boundary in the
1
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equatorial plane perpendicular to the sun-~earth direction must

be somewhat greater than R since the pressure 1s decreased from
the stagnation point value because the solar plasma accelerates

as 1t passes around the magnetosphere and is probably supersonic
1

at this point; Harrison suggests

1/3
Rl e (3r/L4) RO . )

A rough estimate of the latitude (A ):of the points M and
M n

M can be obtained from the relationship
s
2
K'R Cos A =R, (5)
o} M e

where K' lies between 1 and 2, Taking K' = 2 then A = 77°

when R = 10R , and a variation between 70° and 80° can be ex-
o) e
pected according to the solar wind pressure., Since all field

lines intersecting the earth at latitudes greater than A must
form the geomagnetic tail, then if N is asvsmall as 7O°Mthe tail
must extend to 60 R in the antisolaﬂ direction, assuming the
average width of thz magnetosphere to be 20 R and the average

field strength in the tail to be 30y. This a:sumes that the
component of the magnetic field perpendicular to the equatorial
plane is 30y, however it is possible that the tail could be much
longer if the field lines lie maostly parallel to:the equatorial
plane; if so, the tail could be as much as 20 R 1in radius if
the field is 20y and Y has the more modest value of 75°.

A number of workeﬁs'have calculated the approximate shape

of the magnetosphere assuming a Newtonian solar wind with specular



9.

reflection of particles incident on the surface (18,19)., In
this case (3) holds everywhere and K is taken to be 2, The shape
of the magnetosphere appears to be rather insensitive to the
physical nature of the exterlor wind, and the results of such cal-
culations (if done correctly (20)) are not substantially different
from what has been described above, apart from the discrepancy
in K., In particular one does not expect any significant deviation
from the topological features exhibited by the Chapman-Ferraro
model.,

The question of whether or not the magnetosphere 1s stable
is of some significance. Analyses based on the assumption of
specular reflection of solar wind particles suggest that the
surface is unstable in the Helmholtz manner (21,22). However
the equivalent continuum solution (23) suggests that the surface
could be stable when the relative velocity is sufficlently low.
Dessler (26) has argued that the surface 1s stable on the basis
of the steadiness of low-latitude magnetograms during magnetically
qulet periods when the solar wind 1s presumed to be relatively
steady, However there is no good reason for belleving that the
affects of any instability would be noticable at low latitudes,
while 1t is known that high-latitude magnetograms show contin-
uous disturbance at all times. Since the relative veloclty of
the solar wind and the surface of the magnetosphere is greatest
on the afternoon side of the magnetosphere (see figure (9)),
one would expect instability to occur in thls region 1f anywhere.
The instability would be observable only as a waviness of the

surface of the magnetosphere since any small scale “spray" would



10.

probably be indistinguishable from the interplanetary mediume,

Raylelgh«Taylor instability due to the acceleration of the sur-
face of the mavnetosphere during a magnetic storm sudden com-
mencemen’s may also occur (9), however it would be short-lived
and very difficult to observe directly.

D. Observabions of the Shape of the Magnetosphere.

Space probe observations are now beginning to confirm the
general pilcture of the magnetosphere which has been outlined
here. There is unfortunately very little information about the
state of the geomagnetic tail, however a good deal 1s known about
the magnetic field structure on the sunwards side of the magneto-~
sphere,

The earliest suggestions of the occurrence of a region of
turbulent plasma lying between the surface of the magnetosphere
and the stgnding shock wave produced by the solar wind came from
Pioneer'Igb, and Ploneer IV26. The Geiger counter record from
Pioneer IV shows what is apparently trapped radiation out to about
60,000 km, in the sunwards direction, a reglon of fluctuating
counting rate between 60,000 km, and 90,000 km., and a steady
count beyond 90,000 km, (figure (4)). We interpret the counts
in the intermediate regibn as being due to bremsstrahlung from
electrons with energies of the order of tens of kev, produced
by random electric fields in the turbulent plasma behind the stand-
ing shock wave. .The steady count beyond 90,000 km. 1s apparently
the cosmic ray background. The magnetometer on Ploneer I showed
similar effects, although the record is not continuous - the

portion of the record taken at 12,6 R shows the strong fluctuations
e
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characteristic of the turbulence behind the shock wave while the
record at 14,8 R shows a much smaller and quieter field which
one would associ:te with undisturbed solar wind (figure (5)).
More recently, observations from Explorer XII have shown
the surface of the magnetosphere to be quite well-defined, 1in
terms of both the magnetic field27 and trapped electronsgS.
(figure (6)). A remarkable feature of the magnetic measurements
is that the magnetic field tends to reverse its direction at the
magnetospheric boundary - no satisfactoxry explanation of this
effect has yet been proposed, These results have been extended
by Explorer XIV2 » The orbit of which makes much greater angles
with the sun = earth line than Expliorer XII, A summary of the
electron flux measurements (for energies & 40 kev,) is given in
figure (7). Note that the magnetosphere 1s indeed wider perpen-
dicular to the sun-earth line in the equatorial plane than 1t 1s
.in the sun-earth direction. Also the electron flux appears to
be low in the interior of the geomagnetic tall, and increases
towards the surface. In the low-latitude region, the lines of
constant flux are somewhat asymmetric with respect to day and
night, and a rapld decrease of flux occurs on the midnight meridian
at about 7 R , which is rather closer than the boundary of the
magnetospherz on the noon meridian ( ~ 10 R ), This effect, whlch
was observed earlier at low altitudes by In?un 130, may be due
partly to the asymmetry of the magnetic field, and partly to the

effect of electric fields which drive the particles towards lower

latitudes, as will be explained in a later section.
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The boundary of the magnetosphere was first observed by
Explorer X, which passed through it at a distance of about 40 R
on the downs?§$%%)flank of the magnetosphere well below the equz—
torial plane ,,%: ». Within the boundary—the magnetic field
was observed to be relatively steady, while outside it was weaker
and highly disturbed, and a supersonic fiow of plasma (presumably
the solar wind) always appeared. The boundary moved across the
trajectory of the satellite several times, possibly as a result
of changes in the solar wind, or alternatively as a result of
a large scale waviness of the boundary. A striking feature of
the Explorer X observations is that the geomagnetic field at
great distances from the earth is almost radial, and that there
was no sign of the magnetosphere closing on itself. The geomag-
netic tail must therefore be very extensive, and there is a likeli-
hood of interesting effects taking place near the equatorial plane
in the tail region, which may aimost be a magnetically null sur-
face,

The results obtained from Russian space prob%% are on the
whole disappointing. Gringauz and his colleagues" have reported
the existence of a 'third radiation belt! which may be connected-
with the turbulent region between the magnetospheric boundary and
the standing shock wave, however the concurrent magnetic measure-
ments did not make this clear. There is on%AParticularly‘interest—
ing feature of the current trap measurements , namely that an’
'edge! occurs in the low energy material (the whistler medium)
at a distance of about 4 R (see figure (8))., The existence of

e
a 'knee'! in the magnetospheric ionization density profile has
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also been deduced from whistler measurements by Carpenter35;
who suggests that it exisfs at all times, and tends to move in-
wards towards the earth with increasing magnetic activity,

The question of the stability of the surface of the magneto-
sphere is not entirely resolved, although as Dessler36 has pointed
out, the well-defined 'édge' observed by Explorers XII and XIV
suggests that small scale instabilities do not occur on the sun-
wards side of the magnetosphere., However the possible waviness
of the boundary on two afternoon flank of the magnetosphere, ob-
served by Explorer X may be due to a form of Helmholtz instability,

and one would expect'this to be even more pronounced further down-

stream.
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ITI, MOTIONS IN THE MAGNETOSPHERE

A, Theoretical Aspects

It is a most significant feature of the magnetosphere
that the energy density of the gas 1t contains is usually every-
where much less Than the energy density of the magnetic field,
thus the magnetic field dominates the mechanics of the interior
of the magnetosphere, That i1s, the magnetosphere has a shape
determined by the solar wind and the attitude of the earth rela-
tive to the sun, and provides a sort of magnetic framework which
i1s largely unaffected by internal processes, In fact this is not
always exactly true as the gas pressure is believed to become
significant occasionally due to the temporary trapping of large
numbers of energetic particles during the main phase of geomag-
netic storms, producing the so-called "ring current" effect; even
in this case, however, the gas pressure probably never exceeds
The magnetic pressure.

One might be tempted to believe that the only motions open
to low energy‘charged particles in the magnetosphere are those
which take place along field lines since the magnetic field is
relatively strong and apparently firmly fixed in the solid earth,
However, as pointed out by Gold37 the notion of material being

"frozen"

to magnetic lines of force is rather misleading in this
instance since the highly conducting earth is separated from the
magnetospheric plasma above 100 km altitude by a shell of non-
conducting atmosphere in which there is no "freezing" and lines
of force cannot be identified, Consequently, motion of magneto-

spheric plasma is permitted provided the plasma and maghetic field
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are considered as frozen only down to E region levels, and the
magnetic field remains continuous with the field in the non-
conducting atmosphere. The fact that the magnetic field is strong
does not prevent motion of the plasma but does impose a restraint,
in that only those motions for which the energy change of the
magnetic field is compatible with what is avallable in the form
of gas energy are permitted, These are the "interchange" motions
in which tubes of force with enclosed plasma may be considered
as permuting in such a way that the magnetic field appears unaltered.
Since the magnetic field is not uniform such motions necessarily
involve changes of volume of the tubes, with corresponding energy
changes in the plasma they contain -- this appears to be an im-
portant energization process for the magnetospheric material,

These concepts can be readily understood from the electro-
dynamic point of view38,39. The appropriate equations of mean

motion for low energy ions are

MDV_L/Dt=ei(_E__L+\_L_ xB)-MK (VW -V ) (5)

L n "4 in

MDV /Dt=eE| -MK VvV -V ), (6)

1 M n \ N

where M is the mass of an individual ion, e 1is its charge, K
1 n

the 'frictional! frequency (related to the collison frequency)

of the ions with neutral particles, V _ the mean velocity of
A

neutral particles, V the mean velocity of the ions, E the electrlc

field and B the magnetic inductlion. The subscripts L and 1l
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refer to the directions perpendicular and parallel to the mag-
netic field respectively. We have ignored colllsions between
charged particles, partial pressure gradients, viscous effects,
and gravity, although each of these may be important in restricted
regions. A similar set of equations hold for electrons. On con-
sidering the order of magnitude of the various terms it can be
readily seen that provided the frequencies of the mean motion
are small compared with the gyro-frequency e B/M the "inertia"
term on the left of equation (5) can be negleited. Throughout
most of the magnetosphere (namely above; about. 150 km. altitude)
_the frictional frequency for ions 1s ailso small compared with the
gyro-frequency, and this is true for electrons down to 80 km,
altitude; thus for all particles above 150 km,the equation of
motion reduces to

E +V xB= 0, (7)
L L
In the "dynamo" region between altitudes of 90-140 km.the fric-
tional frequency for ions is large compared with the gyro-fres-
quency and equation (5) may be written approximately as

eE -MK (U

"\L ) = 0, (8)
i7y n L in

while the electrons obey (7). Along the field lines, particles
accelerate in a quasi-steady electric field until collisions be-
- come significant and the inertia term on the left of (6) may be

neglected; thus
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eE -MK (V. -V ) = o, (9)

Since the frictional frequency is small throughout most of the
magnetosphere, it is reasonable to reduce (9) further to E1 ~ 0,
although small departures from thls exact condition may havg in-
teresting effects.

As a consequence of (7) all constituents above about 150 km.
altitude move approximately wilth mean velocity

2
V = E x B/B. (10)
1 +

We describe this as the “motion" of lines of force with the plasma
which identifies the lines being frozen to them, since the ap-

plication of
2B /@t = curl E (11)

to (7) leads to a relation which is analogous to Kelvin's vor-
ticity theorem in ordinary hydrodynamics., In quasi-steady con-
ditions E 1s derivable from a potential such that
grad @ = V xB; (12)
i +
hence the lines of force and the streamlines of the motion must
be equlipotentials of the electric field,
Below 150 km. altitude, the electrons can still be con-

sidered as frozen to the lines of force down to 90 kms and they

therefore move perpendicular to E , according to (10). The heavy

A
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ions however can drift only slowly relative to the neutral gas

in the direction of the electric fileld, as 1ndicated by (8).

Thus there is a Hall current perpendicular to the electric field
carried mainly by the electrons, and a much smaller direct (Peder~
sen) current parallel to the electric field carried mainly by

the ions. We can therefore interpret ionospheric current systems
as indications of the presence of large scale electric flelds and
these in turn imply motions elsewhere in the magnetosphere as
given by (10)., If there were no motion of the neutral atmosphere
(Y_ = 0) it would be possible to interpret the current systems
di?ectly in terms of motions of the "feet" of lines of force in
the magnetosphere since the predominance of the Hall current would
require only the reversal of the sense of the current system to
give the flow lines., However, when V =~ = 0, and particularly
when V. and V are comparable, this p?bcedure may be very dif-
ficultnés the motion of the neutral atmosphere at ionospheric
levels 1s not very well known.

In this discussion we have neglected the effects of the
movement of plasma on the neutral atmosphere, Although the density
of neutral gas in the ionosphere is much larger than that of the
ionized gas, given sufficient time the latter can force the former
into motion., In fact the time required is not long in comparison
with most periods of interest here, being about 20 mlnutes in F

region of the ionosphere and several hours in the E region,

B. Energlzation of Charged Particles due to Motions in tThe Mag-

netosphere

We have suggested above that changes in volume associated
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with magnetospheric motions in which tubes of magnetic flux are
permuted, cause changes in the energy of the particles concerned.
In fact the energy changes take place in such a manner that the
magnetic moment and 'longitudinal' adiabatic invariant of the
individual particles are conserved, It is the nonuniformity of
the magnetic fileld which leads us to speak of "changes in volume"
causing energy changes. Not surprisingly, if we consider the
motion of individual particlies it is thils nonuniformity which
causes the energy changes, since the motion of the partlicles 1s

given by

2
v = ExBB + ¥ (13)

d

if we ignore electric fields parallel to the magnetic field lines.
v 3s the drift due to non-uniformity of the magnetic field--
éiis is energy and charge dependent, and it is more or less 1n
the longitudinal direction in the case of the geomagnetic field,
All particles take part in the E x _13/132 motion and this in it-
self does not produce any change in energy since the motion 1s
along equipotentials of the electric field. However the energy
dependent drift v does in general cause the particles to move
across these equigztentials and changes in energy occur accord-
ingly.
A 2

Low energy particles follow the E X @/B motion quite closely,
and the longitudinal drift can be considered as a perturbation
of this motion., For high energy particles the Xd drift is more
significant than the electric field drift and hence thelr motion

may be considered as more or less longitudinal with perturbations
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due to the electric field, The total electrlc potential var-
jation associated with the electric field gives us a measure of
the maximum amount of energy which can be given to a particle as
a result of the magnetospheric motion--this is usually of the
order of tens of kilovolts, and thus the maximum energy change
for any particle due to this process is of the order of fené of
kev., Particles with energy greater than about 100 kev are there-
fore only moderately perturbed by the magnetospheric motlon, but
particles of energles of about 1 kev will tend to follow magneto-
spheric motion quite closely, Furtherudiscussion of these proe
cesses Caﬂ be found'in papers by Hines O, Dungeyql, and Sonnerup
and Laird 2.

The type of energy change we have described takes place
reversibly, with the energy of the particle increasing as it is
carried to lower geomagnetic latitudes, However 1t seems falrly
certain that in addition, irreversible energy changes take place
due to fluctuations in the electromagnetic environment  of. the
particle, and these lead on the average to‘a general lncrease
of energy with time. Thus In considering the effects of mag-
netospheric motions it should be realized that although the mo«
tion might ideally cause 1 kev particles to be carried into the
interior of the magnetosphere and be energized to perhaps 20 kev
in doing so, irreversible processes can be expected to increase
the energy to a much greater level if sufficient time is avall-
able and the motion does not carry the particle out too soon.

Consequently the net effect of such motions is irreversible and

leads to the accumulation of energetic particles in the interior
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of the magnetosphere if they can escape precipitation into the
atmosphere,

C. Rotational Motion of the Magnetosphere

Due to viscous effects, the rotation of the earth is impressed
upon the upper atmosphere. The electrons and ions of the iono-
sphere also take part in this motion and the electric field
generated is transmitted throughout the magnetosphere since, as
described above, the magnetic field lines must be equipotentials
in quasi-steady conditions, The equipotentials in the equatorial
plane of the magnetosphere corresponding to roftation are shown
in figure (9). It should be noted that the low latitude donut
co-rotates with the earth more or less rigidly, while the high
latitude field lines which form the geomagnet;c tail "twiddle"
around so that the sense of rotation in th;&équatorial plane is
reversed,

The total electric potential variation between the equator
and the poles is 88 kilovolts of which only about 10-15 kilovolts
are assoclated with the geomagnetic tail (depending on the value
of A ). The gradient of this electric potential, however, be-
comeg very large in the tail as the outer surface of the magneto-
sphere is approached. This can easlly be seen from the following
argument , The time taken to complete a circult of any stream-
line or equipotential is 24 hours. 8Since the electric fleld and
the magnetic induction are continuous in the interior of the
magnetosphere, field lines with feet at latitude 7\M (which there=~

rore lie exactly on the surface dividing the low latitude donut

from the geomagnetic tail) take 24 hours to cover the portion




22,

of the streamline which lies inside the magnetosphere. The re-
maining portion which forms the surface of the magnetosphere should
ideally be completed at infinite speed, corresponding to a very
large electric field or potential gradient, although dissipative
effects must prevent the singularity from actually occuring.

D. . Motions Corresponding to the Current Systems S- and L.
q

It 1s believed that the ionospheric eléctric current systems
S and L are induced by motions of the neutral atmosphere due to
sglar and lunar tidal effects respectively; the lunar tide is
probably a gravitational phenomenon but the solar tide may be a
consequence of atmospheric heatingzg. The S current system is
shown in figure (10)4ind the lunar-induced sgstem is rather sim-
ilar but much weaker .  Diagrams of thls type are deduced from
the magnetic variations assuming that the currents are closed
within the ionosphere and that currents which flow along lines
of force between conjugage points can be neglected. These as-
sumptions are inaccurate but the general picture of the cur-
rent system so found is probably reasonably correct,

The S system produces the most significant motions that
occur at lgw latitudes and as it is possible that the motlons of
the neutral atmosphere are relatively weak at these latitudes,
the magnetospheric motion may be derivable with reasonable ac-
curacy from the current system. Thus we see that there is motion
in the magnetosphere from east to west at the equator during the
day with a movement of the feet of lines of force towards higher

latitudes in the morning and lower latitudes?in the evening.
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When combined with rotation, (see figure (10)), 1t can be seen

that a closed cell is formed at the equator on the sunward side

of the magnetosphere. It seems likely that the motion away from
the equator before noon is partly the cause of the currious di-
urnal variations of the equatorial F region ionization , The
 lunar current system L is much weaker than S and the corresponding
magnetospheric motions are accordingly littlg more than a per-
turbation of the pattern sketched in the slide; however the per-
turbation does appear to be noticeable at times in that I influences
the intensity of iporadic E ionization agsoclated with the equa-
torial electrojet 7.

E. Magnetospheric Motions Associated with Polar Current Systems

The most intense magnetospheric currents at high latitudes

are thﬁﬁe forming the D system which appears during magnetic
s
storms . A somewhat idealized sketch of the pattern of currents

-

=

is given in figure (11), where it wili be noticed that on reversing
the arrows the sense of motion on the night side is in accord with
what is observed for ilonization irregularities associated with
the aurora48. The corresponding motion in the equatorial plane
of the magnetosphere is also sketched in figure (11), where it can
be seen that the plasma moves past the earth from roughly the anti-
solar direction toward the sun. . The total variationqin the electric
potential appears to be of the order of 20 kilovolts 9.

There is some controversy concerning the origin of the D

s
current system, We will shortly consider the hypothesis that the

motions and currents are driven by the solar wind., However,




2k,

50
some authors suggest a purely tidal mechanism and others suggest

that the radiation belts are 1nvolved51,57. There seems never-
theless no doubt that thls current system with 1ts associated
magnetospheric motions contains the key to an understanding of
the phenomenon of the aurora and probably to the origin of much
of the trapped radiation.

Whatever the mechanism of the D current system, it would
be surprising if there were not somesvestige of 1t even during
magnetically quiet periods. This has recently been found by
Nagata and Kokubun52 who give it the symbol S P and show that
it has essentially the same pattern as the D qsystem (figure (12).

s
F. ConJjugate Point Variations

Small differences of electric potential between conjugate
points in the northern and southern hemispheres tend to be an-
nulled by currents flowing with little resistance along the lines
of force. If, however, the potential difference is maintained
by some process such as an atmospheric tide, the current is con-
tinuous and it imparts a twist to the field lines which is uni-
form along their length, Even if the angle of the twilst 1s quite
small the great length of geomagnetic field lines, at high lat-
itudes especially, can result in a considerable displacement of
the ends of the fileld lines from their normal position. Thus
diurnal and seasonal variations can be expected in the apparent
conjugate points obtained by methods such as riometer techniques,
since much of the absorption observed depends on the penetration
of energetic electrons into the atmosphere and these in turn move

along lines of force in the magnetosphere,
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Information causing changes in the electrical potential on
a magnetic line is propagated in the form of hydromagnetic waves,
A transient change in the potential in the ionosphere at one end
of the fleld line can therefore lead to the formation of a wave
which may travel back and forth along the field line a number
of times 1 dissipation at the ends 1s not too great. Some low
frequency emissions can be expected to be produced in this way

from ionospheric variations,
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IV, DISTURBANCE PHENOMENA IN THE OUTER MAGNETOSPHERE,

A, The Theory of Axford and Hines.

38
Axford and Hines have suggested that the basic processes

underlying high latitude disturbance phenomena (including the .
aurora ) is the motion in bthe magnetosphere assoclated with the
D current system., It is proposed that this motion, which is
sietched for the equatorial plane of the magnetosphere in figure
(13), is due to a viscous-like interaction between the solar wind
and the surface of the magnetosphere, This interaction produces
an iInternal circulation in the interior of the magnetosphere
rather similar to that occurring in a falling rain drop. Note
that the dragging of lines of force around the surface of the
magnetosphere cannot be very noticeable at ionospheric levels
due to the fact that, ideally anyway, the surface field lines
are connected to only one point in each hemisphere; hence only
the internal part of the circulation is evident 1n the form of
the D current system and, at quiet times, the S P current sytem,
ghere are obvious merits to the suggestion.q In the first
place, the circulation provides a simple and effective accele
erating mechanism which can energize captive solar wind particles
from about 1 kev up to 10 kev (corresponding to conservation
of magnetic moment between fields of 50y at the magnetospheric
surface and 500y at a distance of 4R ). Secondly, the polar
current systems and the pattern of aiignment of auroral arcs

at high latitudes (figure (1%4)) are reproduced by the circula-

tion at ionospheric levels, giving us some understanding of fthe
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nature of the current systems and their relationship to the motion
of auroral irregularities., Thirdly, by combining the circulation
with the motion associated with the rotation of the earth, it

is possible to predict qualitatively much of The morphology of
many high latitude disturbance phenomena, Finally, the circu-
lation in combination with irreversable accelerating processes
provides an input mechanism for the outer zone of geomagnetically
trapped radiation.

" In the view of Axford and Hines a magnetic storm can be con-
sidered as consisting of the sudden commencement due to the pas-
sage of a shock wave heralding enhanced solar wind density and
velocity, an initial phase due to the increased solar wind pres-

sure and a main phase caused by the trappling and energization

1"

to 20 kevuor so of solar wind particles thus producing a "ring

current”™ ., The decay of the maln phase takes place as the solar
wind returns to normal and energetic protons are lost from the
ring current due to charge exchange with neutral hydrogen atoman,
or perhaps to de-energization associated with movement to out-
lying parts of the magnetosphere.

We will not discuss all the implications of the theory here,
as these are to a large extent covered elsewhere (38, 39, 40,
63, 69, 55)., Instead, we will confine our attention to the vis-
cous interaction hypothesis itself and to the morphology of dis-
turbance phenomena, However, it 1s pointed out 1n passing that
a circulation of the type we are considering would contribute
to the effect observed by O‘BrienBo, and other-s2 » which implies

that the high latitude boundary of the trapped electrons
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(energies =40 kev ) occurs further from the pole on the midnight
magnetic meridian than 1t does on the noon magnetic meridian,
The circulation is such that it carries all trapped particles to
lower latitudes.on the night side of the earth and to higher
latitudes on the day side -é this would therefore compiement the
mechanism of Reid and Rees5 which relies on the effect on the
longitudinal adiabatic invariant of stronger flelds at a given
latitude on the day side of the magnetosphere than on the night
side.

B, The Viscous Interaction Hypothesis

51,57 58,59,60
Fejer and others have proposed alternative

mechanisms to viscous interaction between the solar wind and the
magnetosphere as an explanation of the D current system and the
assoclated ionospheric motions. Whethersor not such mechanisms
contribute to the cifculagion, viscous interaction must in any
case occur to some extent ' and the following argument suggests
that it is strong enough'to produce effects which are consistent
with observations.

There are two principal quantities associated with the var-
ious phenomena under discussion. These are the total electrical
potential variation (@) corresponding to the magnetospheric mo-
tions, and the rate of dissipation of energy (@’)Iesulting from
such motionség. The speed of auroral motions, the strength of
the D current system, the position of the auroral zone, and the
energ; of primary auroal particles, all suggest that g is of the
order of 20 kilovolts during a typic%%)magnétic:Storm. “In The

same conditions @ is at very most 10 ergs/sec according to esti-
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mates of energy dissipation due to auroral processes, joule heat-
ing of the atmosphere by the ionospheric currents, and stressing of
the geomagnetic field by the accumulation of trapped particles
which are later lost, As might be expected, é is several orders

of magnitude less than the solar wind energy incident pér second
on the magnetosphere.

A series of simple arguments based on viscous boundary layer
theory adapted from ordinary hydrodynamics and using very reasonable
values for various relevant parameters, shows That the thickness
of the boundary layer assoclated with the observed value of [
is typically 500 kmiathezkinematic viscesity assocliated with the

interaction is ~10 c¢m /sec, the drag per unit surface area
] 2

-

of the magnetosphere about 2 x 10 dynes/cm and the energy
dissipation rate about 1019 ergs/sec,

The fact that the viscous interaction hypothesis shows that
the values of ﬁéﬂﬂié} deduced independently from observed quan-
tities are compatible, is in ifself remarkable enough. In ad-
dition it can be shown that the actual drag to be expected at the
surface of the magnetosphere, based on observed characteristics
of the solar wind, is consistent with the value estimated from
the observed value of ﬁ. This drag is believed to be due to the
highly turbulent state of the solar wind affer 1t has passed
through the standing shock on the sunward side of the magneto-
sphere. The energy density associlated wlth longifudinal (sound)
waves in the turbulence iswlo—9 ergs/cm3 62. These sound waves

can penetrate the surface of the magnetosphere and if there 1s a

relative motion the residual radiation stress parallel to the
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~surface causes a drag which a rough calculation suggests is of
the order of 10—10 dynes/cm2 -- that 1s, within a factor 2 of the
value required if £=20 kilovolts,

In figure (13) we have shown the circulation within the mag-
netosphere to be symmetrical about the sun-earth direction.
In fact this is not completely correct since the surface of the
magnetosphere tends to move quite rapidly due to the rotational
effect described earlier. Any viscous-like interaction between
the solar wind and the surface of the magnetosphere depends on
the relative velocity, and thls 1s clearly affected by the bo-
tationally-induced motion in the magnetosphere as well as by the
solar wind, The point of zero relative velocity on the surface
~of the magnetosphere is consequently well to the west of the sub-
solar point, and the viscously-induced circulation is therefore
likely to be roughly symmebtrical about this direction, although
it may be stronger Oﬁ the afternoon side than on the morning side
of the magnetosphere 3. This may be the explanation of the
tendency of the polar current systems and the sudden commencement
currents at high latitudes to be symmetrical about a direction
which lies 40 - 50°to the west of the sun52,63,64.

C, The Morphology of High Latitude Disturbance Phenomena.,

Relative to the earth, the magnetospheric circulation at
lonospheric levels during periods of high magnetic activity, has
essentially the pattern of the D current system, with of course
the sense reversed from that of ihe current., As can be seen from

figures (11) and (14%), this reproduces the observed motion of
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irregularities in the aurora (to the west before geomagnetic
midnight and to the east after geomagnetic midnight ). Further-
more if there is any correspondence between the direction of the
motion and the alignment of auroral arcs, as there is 1n the
auroral zone, the pattern is consistent with the tendency of arcs
in the polar caps to be aligned roughly in the sun - earth di-
rection53.

The net motion in the magnetosphere at distances greater than
about 4 R in the equatorial plane, must be given approximately
by superpgsition of the motions due to rotation of the earth and
the circulation corresponding to the Ds current (which we have
suggested is due to viscous drag of the solar wind ), since the
S and L current systems are weak at high latitudes. This super-
pgsition is indicated for the equatorial plane of the magnetosphere
in figure (15)., Note that the central streamline, which lies
more or less in the sun - earth direction if rotation is not
included, is deflected first to the afternoon side and then to
the morning side as 1t passes the earth, This is of some slgs
nificance since field lines whlch have been dragged round the
surface of the magnetosphere, must move through the interior more
or less along this streamline. Thus a concentration of particles
captured from the solar wind is to be expected here and we there-
fore suggest that i1t will be the locus of greatest activity at
ionospheric levels. In contrast there are areas, particularly
on the afternoon side of the magnetosphere, in which activity

must be relatively low, because the streamlines never approach

the surface of the magnetosphere where the field lines could
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conceivably capture solar particles.,

The corresponding net motion at ionospheric levels in the
north polar cap is sketched in figure (16). It is noticeable that
the central streamline described above, makes a loop which runs
from high latitudes, first to the afternoon side, passing through
the magnetic midnight meridian at about auroral zone latitudes,
and continuing along the auroral zone till the late morning when
it moves north once again, One expects greatest activity along
this loop, in the sense that that at any given latitude the di-
urnal variation of activity should show a maximum wherevef the
loop is intersected. The activity should not be uniform along
the loop, since different degrees of acceleration of particles
(due to compression) are involved according to the latitude con-
cerned, and also the further particles progress along the loop,
the more noticeable the effects of irreversible acceleration
become, Thus one expects a general increase of the energy of
precipitated particles along the loop, with energies of 1-10
kev occurring on the first section (resulting in sporadic E
rather than absorption), and energies of perhaps 100 kev occurring
in the morning hours (resulting in radio ~ wave absorption at
D-region levels)., Reglons of low activity are also predicted
in the interior of the loop, and more especlally on the evening
side at geomagnetic latitudes of about TOo. |

This description of the production of ionospheric disturbances
1s rather well confirmed by observation., The qulet region on the
evening side of the polar cap is quilte conspicuous for several

phenomena -~ we have for example, only to consider the transition
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from quiet to disturbed aurora at about geomagnetic midnight
(figure (14)). Plots of the diurnal maxima of sporadic E ioni-
65,66 67 68
zation , geomagnetic agitation , spread F , radio absorp-
69 70,71 72
tion , radio aurora , and visual aurora are shown in
figure (17) -- these show up in the first part of the loop of
activity quite clegrly. A study of auroral absorption by Ca-
nadian workers ’ is showﬂ in figure (18) -- an examination
of The contours will reveal fhe first part of the loop as being
relatively weak as far as absSrption is concerned, and that the
absorption becomes extremely pronounced in the mid-morning hours,
as one would expect since irreversible processes are requlred to
produce the necessary energetic electrons in sufflcient numbers.
The quiet region on the evening side of the polar cap is very
clearly indicated in this plot,

If irreverisble acceleration of electrons does in Just take
place as we have des?;ibed, then i1t can be considered a further
prediction of the thébry that any assoclated VLF emissions should
have a diurnal maximum of occurrence at more or less the same
time as does the auroral absorption, In looking for such a max-
imum however, the screening effects of the absorption must be
avoided, thus the emissions should be observed at somewhat lower
latitudes than the auroral zone., One would expect that direct
observations of electron precipitation (as carried out by Injun
I (74)) should also show a maximum in this region,.and thatisthe

main input of trapped electrons occurs at an equatorial distance

of 4-6 R on the morning side of the earth.
e
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CAPTIONS FOR FIGURES

Two dimensional ficw of a perfectly conducting fluid
past a line magnetic dipole and a current carrying
wire, The total pressure(fluid + magnetic) is con-
tiruous across the boundary of the cavities. The
directions of the fluld flow and the magnetic flaw
and the magnetic field are of nc significance,

both being reversible.

{2 ) Equatorial section of the magnetosphere looking
from above the north pole. The geomagnetic tail
(shaded) completely envelopes the low latitude

donut (unshaded). The downstream boundary of the

tall is dotted to indicate our uncertainty with

regard to its extent,

(b) North-south section of the magnetosphere.

(c) Elevation of the surface of the magnetosphere
showing the surface field lines running between the
neutral points (Np, Ng). Flow lines of the east-

wards surface current are indicated by the dashed
lires.

Features of the Chapman-Ferraro model of the magnetos-
phere corresponding to the features sketched in figure
(2). The surface elevation (c¢) 1s shown as it would
apprear looking in the sun-earth direction.

Counting rate of GM counters carried abroad Pioneers IIT
ard IV (after Van Allen2),

Magnetomeber record from Pioneer I (after Sonett,

Smith and Sims22).
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Details of the transition occurring at the surface
of the magnetosphere as observed by Explorer XIT
(after Freeman, Van Allen and Cahi1128).

Summary of observed cmnidirectional intensities of
electrons (energies greabter than 40 kev ) obtained
from Explorers XII and XIV (after Frank, Van Allen
and Macagno=9),

Approximate altitude distribution of the charged
particle concentration in a period of nearly
maximurm solar activity (after GringauzBu).
Equatorial section of the magnetosphere looking from
above the north pole and showing the streamlines of
the motion due to rotation of the earth (or
alternatively, the equipotentials of the correspond-
ing electric field). The geomagnetic tail is shaded
as in figure (2).

Sketches of the Sq current system in the latitude
range O—9OON° On revising the arrows one obtains
approximately the sense of motion of the feet of
lines of force in the ionosphere, This motion 1s
combined with the motion due to the rotation of the
earth to give the net motion shown in the latitude
range O—9OOSo Note the closed cell which is formed
at low latitudes during the day.

(a) An idealized sketch of the lonospheric motion
corresponding to Ds current system in the north
polar cap above gecmagnetic latitude /\ ~ 60°,

The + and - signs indicate the polarization charges




12.

15.

14,

15.

associated with the electric field.

(b) Motion in the equatorial plane of the magneto-
sphere corresponding to ionospheric motion in (a).
The quiet-day current pattern S,P for the south
polar cap (after Nagata and Kokubun®?), The current
between adjacent lines is 2 X ZLOLL amp.

The proposed cilrculatory motion in the equatorial
plane of the magnetosphere looking from above the
north pole. The points A and B and the polariza-
tion charges correspond to those in figure (11a).
The hatched area indicates the regions in which field
lines near the surface of the magnetosphere are
dragged along by the solar wind on the exterior.
Motion of auroral irregularities (after DavisSE).
Above geomagnetic latitude 800, auroral arcs tend to
be aligned in the sun-earth direction, as indicated,
The wavy lines in the post midnight region at lower
latitudes are intended to represent the effects of
break-up. The arrows indicate the sense of motlon
of irregularities.

The net motion in the equatorial plane of the magnet-
osphere obtained by superposition of the motion

due to rotation (figure (9)) and viscous interaction
with the solar wind (figure (13)). Field lines in
the areas denoted Q] and Qp do not at any stage move

very close to the surface of the magnetosphere,
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The hatching in the area surrounding the central
streamline is intended to indicate the degree of
energization of particles, maximum energization
correspending to the close hatching in the morning
hours.

The pattern in the north polar cap corresponding to
that shown in the interior of the magnetosphere 1in
figure (16,

Location of diurral maxima of various ionospheric
disturbance phenomena, namely geomagnetilc
agitation (I), aurora (II), sporadic E (III),
spread F (o), and radio absorption (x).

Contour diagram showing the percentage occurrence
in time of auroral abscrption of 1 db or more as

a function of geomagnetic latitude and mean geo-

s . AN
magnetic time {after Hartz, Montbriand and Vogan'-),
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FIGURES 2(a) and 2(b)



FIGURE 2(c)
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